Nanocrystalline tantalum-doped chlorapatite (Ta-doped ClA) was successfully synthesized using a facile mechanochemical method. In the absence of the dopant, milling for 3 h led to the formation of a poorly crystalline hydroxyapatite, while in its presence of the Ta dopant, Ta-doped ClA nanopowders were produced as a result of an oncoming reaction. The results indicated that lattice micro-strain, crystallite size, crystallinity level, phase percentage and hexagonal lattice constants of the substituted apatite nanopowders were dramatically affected by the doping concentration. The a-axis and unit cell volume increased with the increase in the doping concentration, owing to the ionic radius difference of Cl − and OH − ions. From the TEM observations, the doped powders consisted of nanoneedles with a mean size of 60 ± 20 nm in length and 14 ± 4 nm in width.
Introduction
Apatites are the materials with various applications in bone replacement and ceramic membranes, environmental remediation and catalysis [1] . Among the types of apatites, hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) is broadly used in biomedical applications [2] . But the inherent brittleness and lower strength of HA place the obstacles to load-supporting applications [3] . The atomic doping or replacement in synthetic apatites is one of the strategies to overcome the intrinsic weaknesses of bioceramic implants [4] [5] [6] [7] [8] [9] ) can also replace the phosphate, by balancing the charge of the calcium and hydroxide groups [10] [11] [12] [13] .
The main replacement in bioapatites is carbonates (CO 3 2− ), as the bone minerals contain a large amount of carbonates. Given that the Ca-PO 4 bond is stronger than the Ca-CO 3 bond, this substitution increases the solubility of synthetic apatite [14] . On the other hand, the bone mineral is accompanied by minor groups and trace elements like Cl − , which has a crucial role in biological reactions connected to bone metabolism [15] . The importance of Cl − incorporation can be linked to its aptitude to create acidic environments on the bone periphery, leading to increased activity of osteoclasts in bone resorption [16] . In addition to their application in bone tissue engineering, metal-doped HA can be utilized for various biomedical applications [17] [18] [19] [20] [21] [22] [23] . Therefore, many researchers have tried to prepare substituted apatites with different sizes and geometrical shapes by different kinds of chemical preparation procedures [8, 9] . For instance, Landi et al. [24] investigated the insertion of magnesium ions into the apatite lattice by wet-chemical synthesis, which is highly regarded for the development of synthetic bone. Furthermore, the substitution of Zn 2+ , Ag + , Cu 2+ and Ti 4+ in the apatite lattice are repeatedly been investigated due to the significant role of these cations in different metabolic processes and in prevention of microbial infections in many biomedical applications [25, 26] . In contrast to the solid-state processes through which heterogeneous particles are typically formed, powders produced by mechanochemical reactions generally have highly homogenous configuration [27] . This change may be caused by the turbulence of surface-bonded species, which increases the thermodynamic and kinetic reactions between the particles of reactants [28, 29] . In fact, the mechanochemical synthesis offers several benefits such as lower temperature, less processing stages, ease of scale-up, as well as lower costs for nanomaterials preparation over traditional processing techniques [30] .
It has been found that the insertion of Ta 5+ into the apatite lattice enhances its biological features by increasing the cell adhesion and proliferation. This cationic substitution also increases the mechanical properties of synthetic HA compared to the undoped bulk ceramic [31, 32] . It has recently been found that Ta can replace Ca in HA lattice for Ta contents < 4.5%. For higher amounts of dopant, a deviation from the stoichiometric composition was detected and the unwanted phase became visible [32] . Despite the unique features, only a few studies have been focused on doping of apatites with Ta   5+ . Therefore, in this work, the mechanochemical preparation of Ta-doped ClA and its structural evolution during mechanical activation are investigated.
Experimental procedures
TaCl 5 (99.99 wt%), Ca(OH) 2 (≥96 wt%) and H 3 PO 4 (≥85 wt% in H 2 O) were obtained from Sigma-Aldrich Co. (USA) and utilized as reactants without additional purification. To synthesize Ta-doped ClA nanopowders (Ca 10-2.5x Ta x (PO 4 ) 6 (OH) 2-2x Cl 2x ), the desired amounts of the raw materials were combined and mechanically activated in a high energy mechanical milling (Retsch, PM100) for 3 h using zirconia grinding-bowl (vol. 50 ml) and balls (diameter of 10 mm) at room temperature. The description and powder components of the pure and doped specimens are presented in Table 1 . In the apatite formula, the level of substitution of Ca 2+ by Ta , is represented by the variable x in the chemical formula of the substituted apatite, and was selected as 0, 0.25, 0.50 and 1.00. Therefore, the resultant nanopowders were labeled as S0, S25, S50, and S100, respectively. The rotational speed, total powder mass, ball-to-powder (BPR) weight ratio, and (Ca+Ta)/P ratio were 500 rpm, 4g, 8:1, and 1.67, respectively. Fig. 1 presents a schematic outline of the mechanochemical preparation of Ta-doped ClA nanopowders.
The phase of the nanopowders was identified using PANalytical Empyrean X-ray diffractometer (XRD, Netherlands) by a Cu-K α radiation over a 2θ range from 10°to 70°. "Rietveld refinement" and "X'Pert HighScore" software were utilized to examine the XRD profiles, wherein the reflections were matched against standards (#27-0074 for chlorapatite (ClA). The structural properties of the as-prepared products were determined using the following equation [33] : 
where λ, θ, D, and η are the X-ray wavelength, Bragg angle (°), crystallite size, and lattice micro-strain, respectively. It should be noted that B is the peak width in radians after deducting the peak width from the operational widening of the empirically data. To approximate the grain boundary volume fraction (f), the values of crystallite size were substituted with D, assuming that the thickness is equal to 1 nm [34] .
The level of crystallinity (X C ) was determined by given formula [35] :
where (I 1 /I i ) Apatite and (I 1 /I i ) Standard are the sum of relative intensities of the relevant reflections of apatites, for the specimens and standard, respectively. The volume of unit cell (V) and hexagonal lattice constants of the specimens were estimated using "Rietveld refinement". Attenuated total reflection (ATR) spectra of powdered samples were taken on a Bruker spectrophotometer (Germany) over the scanning range of 4000−400 cm
. The morphology and microstructure of the products were analyzed by transmission electron microscopy (TEM, HT-7700, Hitachi, Japan) operated at 60-100 kV. Elemental examination was carried out using Energy Dispersive X-ray Spectroscopy (EDS) incorporated into the FESEM instrument. Elemental mapping analysis was also employed to appraise the elemental spatial distribution.
Results and discussion

TEM and EDS investigation
Considering the significant influence of the morphological feature on biomedical functionality, the morphologies of the experimental outcomes were analyzed by TEM. Fig. 2 shows the TEM observations of the 3 h ball milled specimens without dopant addition (S0) and with doping agent (S100). The as-prepared products have a tendency to accumulate immediately during mechanochemical reaction which conforms to the TEM observations. In mechanically induced substitution, as two neighboring elementary particles crash, these fine particles join and coalesce together into a larger one. Given that these particles are still so tiny, they tend to collide and join together, which eventually result in agglomeration [30] . As shown in Fig. 2a , S0 is comprised of arbitrary-shaped particles with lengths of 19 ± 7 nm and widths of 10 ± 3 nm. Besides, the high resolution image in Fig. 2b exhibits a space of 0.84 nm between the neighboring lattice planes, in agreement with d 100 space of hexagonal HA, with disruption of the lattice planes, which makes it non-uniform. On the other hand, the doped powder (S100) consists of needle-shaped particles with a mean length and width of 60 ± 20 and 14 ± 4 nm, respectively (Fig. 2c) . The HRTEM observation in Fig. 2d illustrates a lattice spacing of 0.87 nm which corresponds to the (1 0 0) plane of the hexagonal structure apatite, without any disruption of the lattice planes. This indicates that the as-prepared doped powder is a perfect single crystal [36] . Concerning the morphological changes, numerous studies reported the effect of mechanical milling process on the morphology and microstructural changes of nano and micron HAbased powders [29, 30, [37] [38] [39] [40] . It has been found that various types of morphology, degree of crystallinity and stoichiometry may be achieved by mechanical activation, which is dependent on the reaction conditions and the reagents used [39] . Zahrani and Fathi [38] examined the influence of processing parameters on the mechanosynthesis of nanocrystalline fluorapatite powder. They found that the number and dimension of balls did not significantly affect the production duration and crystallite size of the nanopowders. On the contrary, decreasing the BPR weight ratio and rotation speed increased the production time and the crystallite size of the resultant powder. The use of polymeric grinding-bowls not only to eliminates the contamination, but also achieves the desired configurations with high biofunctionality [29, 37] . In the case of wet chemical processes, it has been reported that the synthetic conditions significantly affect the microstructural evolution of HA nanopowders [41] . They observed that needle-and wire-shaped nanostructures were produced at highly acidic pH, compared to the sphere-like particles at highly alkaline pH. Similarly in this study, morphological changes can be achieved by simply changing the ratio of the raw materials. As the dopant content increased from S0 to S100, the Ca(OH) 2 /H 3 PO 4 molar ratio and pH decreased. Furthermore, the addition of a solvent to the powdered precursors could induce localized high pressures and temperatures, due to the adiabatic heating and friction of gas bubbles [30] . This suggests that the morphological changes are most likely related to the localized alterations in the pH, pressure and temperature. So it can be concluded that the dopant concentration and ball milling conditions may dramatically affect the microstructural properties of the mechanosynthesized bioceramics. According to the EDS results in Fig. 3 , pollution caused by the undue wearing of the grinding media is absent, which corroborates the purity of the mechanosynthesized powders. The elemental mapping analysis indicates the development of a uniform microstructure with regard to an appropriate spatial distribution of elements.
Rietveld refinements and the doping mechanism
XRD is generally a rapid analytical technique to study the structure of bulk specimens. Nevertheless, to verify the crystallographic data, the typical XRD patterns of nanocrystalline materials do not present the adequate intensity data. Accordingly, additional approaches are necessitated to realize the structural examination of nanocrystalline bioceramics. Here, the structural refinements were performed using the "Rietveld method" by Fullprof program [42] . The structural parameters of HA (i.e. space group P63/m, a=9.4394 Å and c=6.8861 Å, and 8 autonomous atomic locations) have been adopted [43] . Besides, the structural parameters of chlorapatite, ClA: Ca 5 (PO 4 ) 3 Cl, have been extracted from [44] : space group P63/m, a=9.6414 Å and c=6.7631 Å, as well as 7 independent atomic places. At first, the structural factors were arranged consistent with the literature data and subsequently during the successive refinement of peak profiles, the lattice parameters and atomic factors were all refined. Fig. 4 collects the resulting plots of Rietveld analysis and refined data (atomic parameters) effectuated on the HA and ClA specimens. These upshots confirm the achievement of the Rietveld refinement due to the minor disparity between the calculated and observed profiles. In addition, the intense diffraction peaks exhibit good crystallinity of both samples. According to the calculated results of Rietveld refinement, the lattice constants of pure hydroxyapatite are a=b=9.4315 Å, c=6.8802 and V=530.0256 Å 3 , while in the pure ClA are as follows: a=b=9.6309 Å, c=6.7705 and V=543.8506 Å 3 . The schematic structure and possible sites for tantalum doping into the apatite structure are shown in Fig. 4 . From this scheme and atomic parameters, the two possible locations for the substitution of the dopant ions (metal cations) are Ca(I) and Ca(II). B. Nasiri-Tabrizi et al.
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Without doping agent, four of the ten Ca atoms reside in site (I) while the relict six atoms reside in site (II), nearby the OH − ions situated at the unit cell corners. The slightest gap between a coordinated oxygen and a cation is detected at location (II), whereas the minimum calcium-calcium spaces are observed between Ca 2+ at location (I) [31] . Therefore, small cations are preferably located at site (I). On the contrary, large ions are preferentially situated at the Ca(II) location. Consequently, in the present case, Ta 5+ cations initially tend to be substituted at Ca(I) site due to the much smaller ionic radii of Ta (0.64 Å) than that of calcium (0.99 Å). It should be noted that the charge imbalance due to the incorporation of Ta 5+ ions can be compensated by the formation of Ca 2+ vacancies, which in turn affects the completion of the mechanically induced substitution. In this regard, previous studies on synthetic HA have reported that substitutions of bivalent cations, for instance Sr
2+
, Zn 2+ and Mg 2+ does not lead to charge inequality in the HA lattice. In contrast, the univalent cations such as K + and Na + result in a charge disparity, which can be balanced through the creation of additional point defects (i.e. vacancies) [45] , or through the simultaneous occurrence of anionic and cationic substitutions with no point defect generation or charge imbalance [46] . Considering that the cationic substitutions can result in shrinkage or distension of the HA lattice constants, it is most likely that larger cations can expand the a-axis parameter and also modify the cell volume. Nevertheless, this declaration is invalid when a bivalent cation is replaced by a univalent ion. Generally, the cationic substitutions in HA also depend on the ionic radius of the doping elements [47] . The ionic charge and the corresponding bonds control the scattering of the ions between the Ca(I) and Ca(II) sites, where improvement in the Metal-Oxygen interaction of could influence the ion distribution. To balance the charge, trivalent ions can be inserted as ions with lower valence. The substitution of trivalent ions is linked to their cationic radius and charge density [48] . Alternatively, monovalent anions such , as the ionic radius of Na + (0.98 Å) is close to that of Ca 2+ (0.99 Å) [49] . Fig. 5 shows the powder XRD diffractograms obtained for the 3 h mechanically activated powders with and without doping agent. Without doping agent (S0), mechanical activating for 3 h caused the development of a poorly crystalline HA on account of the reactive absorption of atmospheric carbon dioxide. Similar patterns were observed in the case of S25 and S50. However, some inconsistencies were observed with increased Ta-doping. Firstly, a sharpening of the characteristics peaks of Ta-doped hydroxychlorapatite (THCA) is evident, which could be due to the mechanically induced crystallization. Secondly, XRD patterns show clear alterations in crystallinity of the resultant powders (narrowing of XRD peaks). This can be described on the account of augmentation of crystallite size and reduction of micro-lattice strain. Furthermore, the additional peaks attributed to calcite (CC) and calcium chlorophosphate (CCP) become apparent in the XRD patterns of the doped specimens. This could be due to the excess of phosphate and calcium attributed to the fractional replacement of carbonate-for-phosphate. This shows that the phase percentage (W P ) of the substituted apatites is significantly affected by the cationic-anionic co-substitution. By increasing the doping concentration (S100), a complete co-substitution was achieved. In this case, Ta-doped ClA (TCA) and CCP were identified in the XRD profile as major and minor phases, respectively.
The phase percentage of the mechanosynthesized powders are illustrated in Fig. 6 . It is obvious that the fraction of undesired phases decreased dramatically with the increase of dopant content. From this figure, the percentage of CC declined from 30% to 14%, when the dopant content increased from S0 to S25. Besides, with an increase in the dopant content to S50, CC vanished entirely. In a similar trend, the percentage of CCP diminished from 49% to 12%, when the doping amount rose from S25 to S100. These findings suggest that the dopant concentration can have a dramatic impact on the phase percentage of the milled HA. Fig. 7 shows the structural features of the resultant powders versus doping content. From Fig. 7a and b, the crystallite size and lattice strain of S0 are 14 ± 1 nm and 0.0085 ± 0.0004, respectively. By adding the doping agent, the size of crystallite increased from 39 ± 2 to 56 ± 3 nm in the case of S25 and S100, respectively. On the contrary, the lattice strain decreased sharply from 0.0065 ± 0.0003 in S25 to 0.0023 ± 0.0001% in S100. On the other hand, the grain boundary volume fraction (f) varied from 7.21 ± 0.36 to 5.16 ± 0.26% in S25 in S100, respectively. This cationic-anionic co-substitution also shows a major effect on the crystallinity degree, where the X C value rose sharply from 65 ± 3% in S0 to 89 ± 4% in S100. Fig. 8 demonstrates the lattice constants of the undoped and doped powders obtained by Rietveld refinement. According to the crystallographic evidence, the a-and c-axis lattice parameters of the synthetic HA are 9.4320 Å and 6.8810 Å, respectively. The unit cell volume of the standard hydroxyapatite is 530. 14 Å 3 . In the case of S0, the volume of unit cell rose to 535.9171 Å 3 as a result of the a-axis (9.4803 Å) and caxis (6.8853 Å) distensions. Furthermore, on the account of larger the ionic radius of chloride ion compared to hydroxide, the a-axis parameter rose sharply from 9.5439 Å in S25 to 9.6341 Å in S100, thereby the unit cell volume increased notably from 537.7756 Å 3 in S25 to 542.1291 Å 3 in S100. Zhao et al. [50] described that the extension of the lattice constant (a-axis) is due to the size disparity of the replaced Cl − . These findings suggest that the doping level can affect the structural properties of the substituted apatites. Fig. 9 demonstrates the ATR analysis of the 3 h milled specimens with and without doping agent. As can been seen in Fig. 9a , the characteristic bands of apatite are present in all cases over a frequency range of 4000−400 cm −1 . In addition, the ATR spectra of the doped specimens show a good consistency with the spectrum of undoped HA. Nevertheless, the differences observed in the shape and position of the functional groups are shown in short-range ATR spectra (Fig. 9b-e) . Based on the ATR bands of calcium phosphates, OH stretching at 3573 cm −1 would be expected to be detected in S0 [51] , while it was not perceived in this region (Fig. 9b ). This effect may be related to the level of the replacement of carbonate in the structure of the product. It was reported that the OH bands intensity of apatite declined when the level of carbonate substitution was enhanced. These characteristic bands vanished completely for high substitution levels [14] . Besides, due to the oncoming replacement of the chloride ion, the enhancement of 3495 and 3510 cm −1 bands would be expected in S100 [52] . However, this feature was not recognized, presumably for the same interpretation. An additional band at around 3545 cm −1 disappeared or rather united into a wider band, which expands from 3580 to 3300 cm
ATR spectroscopy
. For the undoped sample (S0), the mode of OH vibration was identified at 631 cm −1 (Fig. 9c) , which detached from the υ 4 modes of the PO 4 group [53] . In the presence of doping agent, this mode vanished and 795 cm −1 band appeared, showing the full transition of hydroxyapatite into multisubstituted apatite [52] . From Fig. 9d and e, the regions of 1450−1400 cm −1 and 890-860 cm −1 belong to ν 3 and ν 2 modes of carbonate vibrations in apatite [14] . Without dopant addition (S0), the overlapping of the phosphate groups and weak hydroxylation may be caused by the diminution in the level of crystallinity as a result of rising carbonate replacement [54] . As can be seen, the degree of carbonate replacement is dramatically reduced with the increase in the doping concentration from S0 to S100. This suggests that the cationic-anionic co-substitution may affect the level of CO 3 2− incorporation, which may result in a crystallization of the bioceramics. The deconvoluted spectra of the synthesized powders in the carbonate region (1800-1200 cm −1 )
are shown in Fig. 10 . The deconvolution of the carbonate bands was performed to assess the form of the carbonate replacement more accurately. The manifestation of the CO 3 2− groups in this carbonate region confirms the partial replacement of hydroxyl (A-type) and phosphate (B-type) by carbonate [55] . These results show that the spectral characteristics of functional groups and mechanically induced crystallization level may be influenced by the dopant content. 
Conclusions
In brief, the feasibility of using mechanochemical method to prepare nanocrystalline Ta-doped ClA was investigated. The XRD patterns showed clear alterations in crystallinity of the resultant powders (narrowing of XRD peak), which is due to the augmentation of crystallite size and reduction of lattice strain. By adding the doping agent, clear alterations in crystallinity of the mechanosynthesized powders (narrowing of the XRD peaks) were recognized due to the crystallite enhancement to 56 ± 3 nm and the lattice micro-strain attenuation to 0.0023 ± 0.0001. The structural analysis confirmed the achievement of the Rietveld refinement owing to the minor disparity between the calculated and observed profiles. Besides, the intense diffraction peaks showed good crystallinity of the samples. The results of ATR analysis indicated that the spectral characteristics of functional groups and the level of the mechanically induced crystallization may be influenced by cationic-anionic co-substitution. From the TEM observations, morphological alterations from the arbitrary-shaped particles to needle-shaped particles are most likely due to the localized changes in pH, high pressure and temperature. It can be concluded that the doping concentration and ball milling conditions may noticeably affect the microstructural features of the bioceramic nanopowders.
